Thirty-five nitrogen-fig, hydrogen-oxidizing bacteria, all members of Corynebacterium autotrophicum Baumgarten, Reh, and Schlegel 1974, and including the type strain of this species, were compared with 28 strains of coryneform bacteria by numerical taxonomy methods. The nitrogen-fixing hydrogen bacteria formed a well defined cluster; their similarity to the other strains tested was low, however. Furthermore, the chemotaxonomic characters of these strains excluded them from the coryneform bacteria. Therefore C. autotrophicum was reclassified, following the keys of Bergey's Manual of Determinative Bacteriology (8th ed.) as a species of the family Azotobacteraceae. Although taxonomically close to Beijerinckia and Derxia, the nitrogen-fixing, hydrogen-oxidizing bacteria are regarded as representing a new genus, for which we propose the name Xanthobacter. C. autotrophicum Baumgarten, Reh, and Schlegel is transferred to the new genus as Xanthobacter autotrophicus (Baumgarten et al.) comb. nov.
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From 1969 to 1974, several coryneform, yellow-pigmen ted, auto trophic, hydrogen-oxidizing bacteria were described (9, 10,24,28); they were placed in a new species-Corynebacterium autotrophicum-by Baumgarten et al. (3). All of these strains fixed nitrogen under microaerobic conditions (12, 30), and the physiology and efficiency of their nitrogen fixation have been studied (4).
After isolating many new strains of nitrogenfixing hydrogen bacteria (30), we compared them with a number of well described coryneform bacteria by the method of numerical taxonomy. Since the nitrogen-fixing hydrogen bacteria formed a uniform cluster but had a very low similarity to the corynebacteria sensu strict0 used in this investigation, a reclassification of C. autotrophicum appeared to be indicated. Additional biochemical properties of these organisms had to be determined before the organisms could be assigned to a gram-positive or a gram-negative taxon with confidence, for the evaluation of the Gram stain reaction, which differed from investigator to investigator, was the critical point in earlier descriptions of these organisms.
MATERIALS AND METHODS
Bacterial strains. The designations and sources of the bacterial strains used in this study are listed in Table 1 . C. autotrophicum 7C SF is a slime-free mutant of strain 7C (1).
Growth media. The strains were maintained on nutrient broth medium (Difco) containing 0.2% succinate and 1.3% agar (Difco). For the taxonomic tests the strains were grown on the following mineral medium: 1.95 g of KH2P04, 5.7 g of KBHP04, 3.0 g of (NH4)2S04, 0.2 g of MgS04.7 H20, 0.04 g of CaC12.2 HzO, 0.003 g of FeCl3, 13 g of agar (Difco), 2 to 5 g of the carbon source, 1 ml of trace element solution (20), 10 ml of vitamin solution (21) , and distilled water to 1,OOO ml. For autotrophic growth the mineral medium of Schlegel et al. (22) was used; the cultures were incubated under an atmosphere of 10% 02, 10% C02, and 80% HP. For growth on nitrogen-free medium, the N source in the mineral medium was omitted; the cultures were incubated under an atmosphere of 5% 0 2 , 10% CO2, 10% H2, and 75% N2 (nitrogen fixation under autotrophic growth conditions) or of 25% air and 75% NP in the presence of 0.5% sucrose or an appropriate carbon source (nitrogen fixation under heterotrophic growth conditions).
Staining methods. For the Gram stain, the modified method of Bartholomew (2) was used. Tetrazolium in vivo staining was performed by the method of Diena et al. (8) . Volutin granules were stained for according to Albert and Laybourn's method as described in the Manual of Microbiological Methods (27) .
Polyphosphate determination. Cells were grown on the mineral medium of Schlegel et al. (22) in which phosphate was gradually substituted by NaHC03. No growth occurred in the original or modified medium of Neidhardt et al. (18) . The polyphosphate content was then determined by the quantitative method of Kaltwasser and Schlegel (16) .
Determination of poly-8-hydroxybutyric acid. Poly-P-hydroxybutyric acid was determined by the method described by Juttner et al. (15) .
Biochemical assays for numerical taxonomy. The characters used in the numerical taxonomy analysis are listed in Table 2 . For determination of the utilization of sole carbon sources, solid and liquid versions of the mineral medium described above were used. Sugars as carbon source were added in a concentration of 5 g/liter; alcohols, organic acids, and amino acids were added in a concentration of 2 g/liter. Tests for autotrophic growth with hydrogen as energy source and for growth in nitrogen-free medium were performed as described above. The other diagnostic characters used were determined by the methods given in the Manual of Microbiological Methods (27) and in Laboratory Methods in Microbiology (13 . Three arthrobacterlike autotrophic but not nitrogen-fixing strains were also included in the present study. One hundred-twenty (sometimes correlated) characters were used for the numerical taxonomy analysis; they were mainly those used by Yamada and Komagata (32) for grouping coryneform bacteria ( Table 2) .
The results of the single-linkage cluster analysis are given in Fig. 1 .
The C. autotrophicum strains formed a distinct cluster above the level of 78% similarity; this cluster did not join any of the clusters formed by the other coryneform bacteria tested. Except for three strains (those of Microbacterium flavum, C. rathayi, and C. manihot), the reference strains linked before they joined the C. autotrophicum cluster. Linkage between the C. autotrophicum cluster and the other coryneform strains occurred at a similarity level of only 68%. The three autotrophic arthrobacter-like strains formed a distinct cluster but did not show any relationship to C. autotrophicum. Although this analysis did not contain any reference strain outside the coryneform bacteria, it was obvious that C. autotrophicum does not belong to Corynebacterium or to a genus related to Corynebacterium.
Determination of a hypothetical median organism. Table 2 shows the number of C. autotrophicum strains positive for the characters used in the numerical taxonomy analysis. The properties of a hypothetical median organism were determined by assuming a character to be positive for the organism if more than 17 of the 35 tested strains were positive. Three strains (JW 32, JW 33, and JW 42) had characters identical to those of the hypothetical median organism and therefore were most representative of C. autotrophicum. Four strains (JW 3, JW 7, JW 41, and JW 48) differed from the hypothetical median organism in only one character. These seven strains, together with four others with two characters different from those of the hypothetical median organism and one strain with three mismatches, formed a welldefined subcluster in the C. autotrophicum taxon (Fig. 1) .
Strain 7C, selected as the type strain of C. autotrophicum by Baumgarten et al. (3), differed in eight characters from the hypothetical median organism and therefore is relatively atypical of the species. For further taxonomic studies, therefore, we recommend the use of strain JW 33 as a reference for the taxon in addition to the type strain, 7C.
Chemotaxonomic differences of C. autotrophkum from Corynebacterium Besides the low overall similarity between C. autotrophicum and the coryneform reference strains, certain salient characters of C. autotrophicum precluded its membership in the genus Corynebacterium. None of the C. autotrophicum strains tested contained mycolic acids, which are typical Gram stain reaction and related characters. On the basis of the observed differences between C. autotrophicum and the genus Corynebacterium, we attempted to reclassify C. autotrophicum with the aid of the keys in Bergey's Manual of Determinative Bacteriology (6). One of the fwst characters used in the generic key was the Gram reaction of the cell wall. In the earlier descriptions of the nitrogemfixing hydrogen bacteria, the statements on the Gram reaction were contradictory. Using Bartholomew's (2) modification of the Gram stain and a number of strains cultivated under various growth con- Goodfellow, personal communications). These properties indicate that C. autotrophicum is a gram-negative bacterium. Cell morphology. Another salient characteristic in classifying bacteria-cell morphologystrongly favored inclusion of C. autotrophicum with the coryneform bacteria (3). The cell shape of C. autotrophicum was strongly influenced by growth conditions. Small rods (0.5 to 0.7 by 1.0 to 2.5 pm) were formed on autotrophic as well as sugar-containing media, whereas irregularly branched cells arranged in palisades were produced on a succinate medium (30; Fig. 2) . On media containing alcohols such as n-butanol, small coccoid cells as well as rods up to 10 pm long were formed. Distinct resting stages (arthrospores or cysts), even in P-hydroxybutyrateor butanol-containing media, were not found. The occurrence of a snapping type of cell division, as was assumed from light-microscope pictures of C. autotrophicum (3), was not confirmed by electron microscope studies. The illusion of snapping cell division may be due to copious amounts of slime or to outer cell wall layers holding the daughter cells together after cell division.
Reclassification of C. autotrophicum. According to the keys in Bergey's Manual of Determinative Bacteriology (6), the presently determined characters of C. autotrophicum lead one to the family Azotobacteraceae: gram-negative, aerobic to microaerophilic bacteria which do not produce endospores but which grow in nitrogen-free medium. Table 3 shows the main diagnostic characters of the Azotobacteraceae and of C. autotrophi- cum. Within the Azoto bacteraceae, C. autotrophicum is close to Beijerinckia and Derxia: small rods producing very tenacious extracellular slime or gum and conspicuous internal globular lipid bodies; slow growth; catalase may or may not be produced. The diagnostic difference between Beijerinckia and C. autotrophicum is the high guanine-plus-cytosine content (70%) of the latter, and between C. autotrophicum and Derxia it is the production of catalase by the former. The characters of C. autotrophicum which clearly separate it from the four genera currently placed in the family Azotobacteraceae are its ability to grow autotrophically with hydrogen as energy source, its carbon utilization pattern, and its production of a water-insoluble, yellow, carotenoid pigment, zeaxanthin dirhamnoside (14, 19) . It is our opinion that C. autotrophicum belongs to a new genus of the family Azotobacter- The description of Xanthobacter gen. nov. is as follows. Small, rod-shaped cells 0.4 to 1.0 by 0.8 to 6.0 pm; branched, rather pleomorphic cells are produced on succinate-containing medium, and coccoid as well as cells up to 10 pm long are produced on media containing an alcohol as the sole carbon source. Refractile (polyphosphate) and lipid (poly-P-hydroxybutyrate) bodies are contained within the whole cell.
Nonmotile. Resting stages are unknown. Gram-negative type of cell wall, but the Gram reaction is variable; the cell wall contains peptidoglycan directly linked by m-diaminopimelic acid; lipopolysaccharides are present in the cell wall but teichoic and teichuronic acids are absent. Agar colonies are opaque and slimy; slimefree strains also exist. Colonies are yellow due to a water-insoluble carotenoid pigment, zeaxanthin dirhamnoside.
Grow as chemolithoautotrophs in mineral medium under an atmosphere of hydrogen, oxygen, and carbon dioxide (7:2:1 by volume) as well as chemoorganotrophically on methanol, ethanol, n-propanol, n-butanol, and many organic acids used as sole carbon sources; carbohydrate utilization is limited, Neither acid nor gas is produced from carbohydrates.
Atmospheric nitrogen is fixed in nitrogen-deficient media under reduced oxygen pressure with an efficiency of more than 10 and usually 20 mg of N per g of sucrose consumed.
Obligately Kroppenstedt, personal communication) ; it has the same carotenoid pigment as X . autotrophicus 14g and 7C as determined by chromatography and by the absorption spectrum; its carbon utilization pattern is comparable to those of X . autotrophicus 14g and RH 9, which are also unable,to utilize carbohydrates; it shows the same characteristic change in cell morphology caused by the addition of succinate to the medium; and the regulation of the leucine biosynthetic enzyme a-isopropylmalate synthase activity is similar to that of Xanthobacter but not to that of Mycobacterium and Corynebacterium (31) . Strain 301 gives similar results as X . autotrophicus with the various staining procedures for cells and volutin granules, and the electron micrographs of thin sections show similar cell wall structures. R. M. Kroppenstedt, DSM, Darmstadt; M. Goodfellow, University of Newcastle-upon-Tyne, Newcastle-upon-Tyne; 0. W. Thiele, Physiologisch-chemisches Institut der Universitat Gottingen, Gottingen; and J. DeLey, Laboratorium voor microbiologie en microbiele genetica, Rijksuniversiteit Gent. We also thank D. Claus, K. Schmidt, and M. Reh, at the Institut fiir Mikrobiologie der Universitiit Gottingen, for many helpful discussions.
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